Objectives-Functional MRI (fMRI) holds the promise of non-invasive mapping of human brain function in both health and disease. Yet its sensitivity and reliability for mapping higher cognitive function are still being determined. Using verbal fluency as a task, the objective was to ascertain the consistency of fMRI on a conventional scanner for determining the anatomic substrate of language between subjects and between sexes. Comparison was made with previous PET studies. Methods-Using a 1.5 Tesla magnet and an echoplanar pulse sequence, whole brain fMRI was obtained from 12 normal right handed subjects (6 males and 6 females) as they performed a verbal fluency task. However, decremental responses were seen over a much larger area of the posterior cortex than had been anticipated by prior studies. The ability to see a response in each subject individually suggests that fMRI may be useful in the preinterventional mapping of pathological states, and oVers a non-invasive alternative to the Wada test for assessment of hemispheric dominance. There were no gross diVerences in the pattern of activation between male and female subjects. (J Neurol Neurosurg Psychiatry 1998;64:492-498) 
O-H 2 O studies. In addition, significantly decreased responses were seen in the posterior cingulate and over an extensive area of mesial and dorsolateral parietal and superior temporal cortices. The male cohort showed a slight asymmetry of parietal deactivation, with more involvement on the right, whereas the female cohort showed a small region of activation in the right orbitofrontal cortex. There were individual task related regional changes in all 12 subjects with the area showing the most significant change being the left prefrontal cortex in all cases. Conclusions-Magnetic resonance scanners of conventional field strength can provide functional brain mapping data with a sensitivity at least that of PET. Activation was seen in left prefrontal and right cerebellar regions, as with PET. However, decremental responses were seen over a much larger area of the posterior cortex than had been anticipated by prior studies. The ability to see a response in each subject individually suggests that fMRI may be useful in the preinterventional mapping of pathological states, and oVers a non-invasive alternative to the Wada test for assessment of hemispheric dominance. There were no gross diVerences in the pattern of activation between male and female subjects.
(J Neurol Neurosurg Psychiatry 1998;64:492-498) Keywords: verbal fluency; sex; functional magnetic resonance imaging (fMRI) Verbal fluency tasks are sensitive indicators of function in the frontal cortex. 1 In the past decade, brain imaging techniques have made possible the in vivo visualisation of areas engaged in language. PET studies using the flow tracer 15 O-H 2 O in verbal fluency tasks have consistently shown activation of the dorsolateral prefrontal cortex as well as variable deactivation in temporal areas and in the posterior cingulate. 2 3 Temporal areas have also been activated in other studies of word generation and retrieval. 4 5 Additionally, cerebellar activation during silent speech ideation has been found in studies of verbal activation. 6 More recently, verbal fluency tasks have been investigated using functional MRI (fMRI). Activation of the left frontal cortex (including Broca's region, premotor cortex, and dorsolateral prefrontal cortex) in normal subjects has been examined in this way. 7 For patient groups, significantly lower activation of the left frontal cortex and higher activation of the left temporal areas have been reported. 8 Although the feasibility of imaging cortical activation during a word generation task has been shown, most studies have included only a limited number of slices [7] [8] [9] requiring the use of a priori assumptions about the loci of activation. 10 An early study by Rueckert et al, using echoplanar pulse sequences and a related word generation paradigm in six subjects with a 4T multislice fMRI instrument and region of interest analysis strategy, showed the feasibility of observing cortical representations of word generation.
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The first aim of the present study, therefore, was to determine the feasibility of whole brain fMRI for language mapping on a clinical scanner. A second, related, aim was to investigate the consistency of activation in terms of cortical localisation. Thirdly, the question of whether sex diVerences exist in the functional organisation of the brain was explored. We sought to investigate a long held hypothesis 12 13 which argues that language functions are more lateralised in male than in female subjects. Attempts to show this to date have been inconclusive.
Subjects and methods

SUBJECTS
Six male and six female right handed, native English speaking normal volunteers were recruited from the student population of New York University Medical Center. The subjects were homogeneous for age (mean age 23, range [22] [23] [24] [25] [26] and years of education. Handedness was examined by a modified version of the Edinburgh handedness inventory. The study was performed according to the guidelines of the internal review board of New York University Medical Center and all subjects gave written informed consent.
METHODS
The functional studies were performed on a 1.5 Tesla SIEMENS Magnetom (Vision) using echoplanar imaging sequences and head coils. Head immobilisation was established by head pads and a firm chin strap to immobilise the head in flexion-extension. Sixteen transverse slices of 6 mm thickness and 1.5 mm gap were obtained. Functional images were acquired with TR=5 seconds, matrix size 128×128, field of view=20 mm. Slice thickness was mainly determined by technical constraints (largely computer memory related) which did not allow the acquired data set to exceed a 128×128×16×100 spatiotemporal matrix. As we intended to depict functional connectivity and therefore needed simultaneous imaging of the whole brain, we decided to use a slice thickness of 6 mm with a 1.5 mm gap.
Previous studies have investigated the diVerence between silent and audible language tasks. Significantly more activated pixels and fewer artifacts were detected with silent word generation than with word generation aloud, 14 presumably because there was less head motion. Verbal fluency therefore, was tested by silent performance of a verbal fluency task. During each scan, a series of 100 sequential acquisitions were obtained. Whole brain (16 slice) images were collected every five seconds. Each study was divided into 10 epochs of 50 seconds each, resulting in a total study length of eight minutes and 20 seconds. The five baseline and five activation conditions were arranged in an alternating sequence, starting with baseline. During the baseline condition, subjects were asked to count forward, starting with the number 1, at a rate of about one a second. During activation epochs, volunteers generated words starting with letters that were spoken to them over the intercom. The letters for the five activation conditions were F,A,S,T, and N. respectively. Word generation and counting were performed at a self paced rate without vocalisation. To ensure compliance, each subject was debriefed after the scan and asked to give examples of words that they had generated in each category.
DATA ANALYSIS
The data were analysed with statistical parametric mapping (SPM96 from the Wellcome Department of Cognitive Neurology, London, UK) implemented in MATLAB (Mathworks Inc, Sherborn MA, USA) on a SUN Sparc 5 workstation. Statistical parametric maps are representations of spatially extended processes that characterise regionally specific eVects in imaging. 15 16 All fMRI was coregistered to correct for head movement. 17 Transformation into a standard stereotactic anatomical space 17 18 was performed to compensate for diVerences in brain size and shape. To improve signal to noise ratio and to correct for interindividual diVerences in the anatomy of the brain, the images were smoothed with a 15 mm FWHM Gaussian kernel. The choice of the appropriate smoothing kernel is largely empirical as it is dependent on the extent of activation. 19 The function of smoothing is to increase the signal to noise ratio by reducing the noise. If the activated area is large it is best demonstrated with a large kernel. If the activated area is small, however, a large kernel will reduce the apparent signal. We examined 18 smoothing kernels between 2 mm and 20 mm for the grouped data, and chose 15 mm as the kernel that best showed both activation and decremental responses. The dimensions of the normalised brain voxel are 2×2×4 mm; this normalisation allows for the localisation of significant regions in terms of standard stereotactic coordinates. Temporal smoothing with a 2.8 second Gaussian kernel served as a high frequency filter. Additional high pass filtering with a cut oV of 0.5 cycles/minute was performed.
A global normalisation of the data was rendered through an analysis of covariance. The expected response function of the fMRI signal over the time of the experiment was modelled by a delayed box car function. The condition eVects were estimated according to the general linear model at each voxel. 19 The resulting set of voxel values for each contrast constitutes a statistical parametric map of the t statistic SPM(t). The SPM(t) was transformed to the unit normal distribution (SPM{Z}) and thresholded at Z=3.09 (uncorrected). The resulting foci were then characterised in terms of spatial extent (k) and peak height (u). The significance of each region was estimated using distribution approximations from the theory of Gaussian fields. This characterisation is in terms of the probability that a region of the observed number of voxels (or greater) could have occurred by chance (extent threshold), or that the peak height found (or higher) could have occurred by chance (height threshold) over the entire volume analysed. 20 21 We did not set up a factorial design to test for group×condition interactions as the current statistical implementation of SPM does not allow for this kind of analysis. The results of the two group analyses, as well as the individual data, were displayed as cortical surface renderings on a standard stereotactic brain using the SPM96 cortical rendering algorithm. Figure 1 displays the probability maps of the group average of six female brains (fig 1 A) and six male brains (fig 1 B) . Regions showing significantly increased activation during word generation are displayed in red scale, whereas regions showing significantly decreased activation are shown in blue scale. In both groups, areas of significant activation include the left prefrontal cortex and right cerebellum. Significant decreases in activation are seen in mesial and dorsolateral parietal cortex bilaterally. It is in the context of these areas of significant activation that slight sex diVerences present themselves; the male cohort's decremental activations extending downward to the superior temporal gyrus bilaterally and the female cohort displaying significant increases of activation in small areas of the left dorsal parietal and right orbitofrontal cortices.
Results
Visual inspection of figures 2 and 3 discloses a relatively stable localisation of the broad areas of involvement (left prefrontal and bilateral parietal cortex) across subjects. This contrasts with a large between subject variability in the statistical significance of the signal changes. The area showing the most significant task dependent change in all 12 of these right handed subjects is the left prefrontal cortex. Considerable between subject variance can be seen for right frontal activation in the female group. Only two subjects show significant activation in this area in a single subject analysis, and these two subjects seem to weight the contribution to the right frontal activation found in the female cohort.
Discussion
By demonstrating a robust response to a verbal fluency task in each of 12 normal subjects, we have shown the potential for reliable brain mapping of the functional organisation of language on a conventional MRI scanner. The task related signal changes seen in the association cortex using echoplanar imaging were of the order of 1%-that is, of a similar magnitude to the changes seen when using nonechoplanar (spin echo) sequences for detecting activation of the primary visual cortex, 22 where activation was detected only when assiduous eVorts were made to constrain the head in flexion-extension.
Flexion-extension movement of the head due to respiration is an important physiological source of noise, as it imposes random diVerences in spin excitation histories and introduces systematic coherence into the data. The slice thickness (6 mm) was chosen to acquire data from the entire brain. Larger slice thickness might create partial volume eVects with white matter and could exacerbate susceptibility induced image artifacts. The use of a relatively large gap (1.5 mm) has the advantage of minimising excitation from adjacent slices, but may reduce the precision of image alignment.
The lack of direct control for task performance is a problem common to many fMRI studies, in which direct feedback could compromise the quality of the acquired data set. Task compliance in this study was confirmed by debriefing all subjects immediately after the p=Corrected p values for spatial extent (cluster level p value) and peak height (voxel level p value) of the activation: all areas exceeding the corrected cluster level threshold of 0.05 are displayed; k=number of voxels in cluster; Z=z score; x, y, z=localisation according to the standard Talairach coordinates. study and by showing that the region specific acquired signal in all subjects followed the box car design of the instructions. Previous studies have shown that silent word generation produces a signal that is apparently greater than when the task is verbalised. 14 This might be due to the fact that verbalisation decreases significance by increasing noise through task correlated head motion. 23 Authough an independent measure of verbal fluency and its relation to signal characteristics is highly desirable, simple vocalisation might not be such an obvious choice considering the complexity of brain involvement in the mechanics of speech production.
Despite the inherent limitations of the current technique, the consistency of left prefrontal cortical activation across subjects is noteworthy and is in broad agreement with previously published PET studies using SPM methodology. 24 That the full extent of the activation found in the current study was not suggested by this previous work is a confirmation of the sensitivity of fMRI at conventional field strength.
In addition, we found decremental responses in mesial and dorsolateral parietal cortex bilaterally during the activation task. Areas of deactivation were also seen in previous PET studies, represented in the posterior cingulate gyrus and bilateral superior temporal gyrus. 3 Whereas we cannot say that the posterior cingulate is not involved, our results suggest a much broader posterior area of deactivation than was previously detected. 3 We are currently investigating the physiological basis for this apparent suppression. Interestingly, in the male cohort, this area descends to include the superior temporal gyrus, in agreement with the prior PET studies in which four right handed male subjects were used. However, this area did not seem to be involved in the female cohort, although a small area of decremental response can be seen in the right middle temporal gyrus (fig 2) .
Apart from the small diVerences between the two groups, tables 1 and 2 and figures 2 and 3 disclose an impressive consistency of activation areas across all subjects (the functional anatomy is conserved). As also reported by Binder et al, 25 the robustness of localisation of the response across subjects suggests that fMRI using a simple language task may provide a non-invasive alternative to Wada testing of language lateralisation in presurgical patients. In contrast, the significance of the response in terms of the height of the statistical parametric map shows a pronounced variation across subjects (the degree of response is not conserved).
Sex diVerences have been postulated in the functional organisation of language at the level of phonological processing. 26 In our study, we could find only slight diVerences between men and women. The female cohort showed a small area of activation in the right orbitofrontal cortex and mesial frontal cortex not seen in the male cohort. On the other hand, the male cohort showed a decremental response in the posterior superior temporal gyrus as well as an asymmetry in the parietal decrement, with a greater area of involvement of the right parietal convexity, compared with the left. The significance of these slight group diVerences is unclear, and it is emphasised that the two cohorts show similar patterns, characterised by left prefrontal and right cerebellar activation, as well as bilateral dorsolateral and mesial parietal deactivation. Overall, the similarity of the patterns of the two cohorts is quite striking, which supports the popular notion that verbal fluency is likely not to be the factor to best discriminate performance based on sex.
